strates of protein tyrosine kinases. This is due to the highly interconnected nature of these signaling pathways as well as the overlapping substrate specificity and redundancy of the protein kinase family [ pho-acceptor binding region. The question addressed in this study is whether alteration of the structure of one substrate (ATP → A*TP) in tandem with a complimentary mutation in the enzyme leads to alteration of the mutant Summary enzyme's peptide (phospho-acceptor) specificity. Since the "traceable" mutant kinase is to be used to identify The direct substrates of one protein kinase in a cell can protein substrates that cannot be unambiguously conbe identified by mutation of the ATP binding pocket to firmed by any other technique, it is imperative to critically allow an unnatural ATP analog to be accepted excluassess the similarities/differences between the phossively by the engineered kinase. Here, we present strucpho-acceptor specificity of the wild-type and analogtural and functional assessment of peptide specificity sensitive kinases. of mutant protein kinases with unnatural ATP analogs.
Introduction erate peptide library of 50,625 putative peptide substrates as a specificity probe [14] . This degenerate pepThe Src family of protein tyrosine kinases catalyzes the tide library technique provides a "fingerprint" of amino phosphorylation of protein tyrosine residues and thereby acid preferences for a given kinase, and it therefore plays an important role as a signaling switch in a variety of defines a kinase's peptide specificity. One can compare cellular pathways, including regulation of the cell cycle, these specificity fingerprints on a residue-by-residue antigen-dependent immune response, ion-channel regbasis to assess the phospho-acceptor substrate preferulation in the brain, vesicle uptake, and many others ences of any kinase. Several analog-sensitive kinases Figure 2C ). Interestingly, the benzyl substituent does not significantly intrude into a analog-specific kinases, we kinetically assessed a panel of 11 optimal peptide substrates by determining the k cat large existing pocket in c-Src, as we had previously suggested [15] . and K M values for each peptide. No significant differences in kinetic parameters were observed between It is important to note that we have crystallized c-Src in an inactive conformation in which the peptide subwild-type or analog-specific kinases. Since the analogsensitive kinases have retained the peptide and protein strate binding site is not formed [40] . In the inactive conformation, the activation loop adopts an inhibitory substrate specificity of the wild-type enzymes, the mutant kinase/unnatural ATP system is a viable method helical conformation that buries Tyr 416 (the activating phosphorylation site in the activation loop). Phosphoryfor labeling the bona fide direct substrates of protein kinases [8] .
lation of Tyr 416 induces a rearrangement that restores the activity of the kinase and creates the substrate binding site. Thus, based upon the present structure alone Results and Discussion we cannot formally rule out the possibility of mutationor analog-induced conformational changes in the phosStructural Analysis of c-Src-as1 pho-acceptor site. To date, active Src has not been In order to assess the effect of the mutation in the nuclecrystallized, but the structure of the Src-family kinase otide binding pocket on the remainder of the kinase Lck has been determined in the active conformation structure and to determine the binding mode of the ATP [16] . Additionally, the active insulin receptor tyrosine analog, we cocrystallized c-Src-as1 with the orthogonal kinase has been crystallized in complex with a peptide substrate N 6 -(benzyl) ADP. The structure was detersubstrate [17] . Our comparison of the present structure mined at 2.8 Å resolution. The mutant kinase domain with these active kinase structures suggests that it is superimposes on wild-type c-Src (PDB ID 2SRC [40]) extremely unlikely that the T338G mutation propagates with an rms deviation of 0.35 Å for C␣ atoms (Figure a conformational change to the peptide substrate recog-2A). This difference is quite small given that the present nition region. The rearrangements induced upon activastructure was determined in a crystal lattice different tion are largely remote from the site of the mutation, than that of 2SRC. Thirty residues immediately surand they do not affect the binding orientation or interacrounding the nucleotide binding pocket superimpose tions of the adenine portion of the nucleotide. Thus, even more precisely (rmsd ϭ 0.29 Å for C␣ atoms). This introduction of the mutation and orthogonal analog is superposition aligns the atoms in the adenine moiety of likely to be structurally neutral in the enzyme's active N 6 -(benzyl) ADP with the corresponding atoms in the conformation as well. Future studies of the effect of the AMP-PNP in 2SRC with a mean divergence of only T338G mutation on the fine regulation of the activity of 0.25 Å , which is within the expected experimental error c-Src will require kinetic examination of tail-phosphoryof the present crystallographic analysis. The adenine lated and non-tail-phosphorylated forms of c-Src, as and ribose portions of N 6 -(benzyl) ADP make the same described by Miller and coworkers [18] . hydrogen bonds observed in the wild-type structure; these bonds include those of the N 6 and N 1 nitrogens with the backbone carbonyl of Glu 339 and the amide Combinatorial Peptide Library Design The degenerate peptide library used here allows for the of Met 341. Furthermore, we do not observe any side chain rearrangements in the nucleotide binding region wild-type and mutant kinase specificity to be assessed with a chemically modified ATP, such as N 6 -(benzyl) of the mutant structure; the presence of the N 6 -(benzyl) group appears to be fully accommodated by the T338G ATP. This was not possible in the previous in vivo (cellular) test of kinase specificity, for which only ATP was mutation. The aromatic ring packs closely against the nearly planar engineered glycine residue ( Figure 2B For our studies, we chose the method developed by sample aliquots via liquid scintillation counting). One potential limitation of our library could be a bias against Cantley and coworkers because each preferred amino acid position in a peptide is measured in a semi-indepenadjacent sterically bulky amino acids, but this limitation could be avoided by the use of a split-pool synthetic dent manner; this technique is therefore better for providing a specificity "fingerprint" of one kinase and then strategy [25] . The residues on the C-terminal side of tyrosine were not randomized but were kept constant comparing that profile to that of another (modified) kinase. Methods that yield discrete sequences do not allow as the sequence G-E-F-K-K-K (see below). The sequence G-E-F was determined to be a preferred subfor adequate statistical comparisons between two different kinases. Finally, since many kinases have very loose strate sequence for Src in previous work by Songyang et al.
[7], so these residues were set, or "locked-in," to specificity at certain amino acid positions, the degenerate peptide library approach is ideal for validation of provide an enriched library of substrate peptides. This is desirable because some of the mutant kinases are less "poor positional selectivity" in the same experiment in which highly preferred positions are also determined.
active than the wild-type enzymes and enough peptides must be phosphorylated in the library to provide suffi-A peptide library was designed to probe two wellcharacterized features of c-Src target specificity. to rectify this problem, gallium metal IDA chelation columns were used based on the increased selectivity by gallium over iron for phosphate chelation [49]. Some enrichment, or improved retention, of phosphotyrosine was observed with the Ga-IDA column when compared to the Fe-IDA column, but this improvement was still not sufficient to allow assessment of the substrate specificity of mutant kinases.) 4. The Y-1 position, X, which corresponds to the residue closest to the phosphorylated tyrosine, showed an tion, thereby forcing the kinase to phosphorylate suboptimal and even poor substrates [14] . equivalent preference for isoleucine with both v-Src and the mutant v-Src-as2. The remaining randomized posiThe purified peptide substrates were sequenced and analyzed for positional specificity (the average values tions, Y-2, Y-3, and Y-4, showed no substantial changes in overall specificity between the wild-type and analogof 2-3 separate trials were calculated). The amino acid distribution at each of the random positions was comspecific kinases. Importantly, any specificity discrepancies between mutated and wild-type kinases occurred pared to that of the unreacted library to determine the enzymes' substrate specificity profile, or "fingerprint."
Peptide Library Phosphorylation The peptide library A-X-X-X-X-Y-G-E-F-K-K-K was used
in the specificity range below 1.5, which represents a random choice of amino acids and is therefore not signifThis selectivity value was normalized to 15 because consensus sequence for Abl tyrosine kinase (a tyrosine Kinetic data were also collected for v-Src-as2 with several space-creating Src family mutants was deter-N 6 -(benzyl) ATP system displayed the same peptide mined. Several unnatural A*TP analogs were used as specificity profile as wild-type Fyn.
the phospho-donors for the mutant kinases, whereas ATP was used for the wild-type enzymes. The phosSignificance pho-acceptor specificity profiles of the mutant enzymes with orthogonal A*TPs were found to be similar Structural and functional analysis of the engineered to the wild-type kinases, both in terms of amino acid kinase/modified ligand (A*TP) system confirms that no residues that are highly selected for, and also in the global conformational changes have taken place in the mutant kinase that would preclude its use as a preservation of low amino acid preferences in the mined via Edman degradation sequencing on an AB4768 protein HPLC column (SAX, catalog # 83-E03-ETI, Varian) with a gradient of 5-750 mM ammonium phosphate (pH 3.9) in 10 min at a flow rate as described previously [33] . In brief, the protein expression and purification were as follows: single colonies were picked and grown of 0.5 ml/min. In the second step, a solution of N 6 -(benzyl) AMP (44 mg, 0.1 overnight at 37ЊC in a shaker, diluted to 250 ml, and grown to cellular density of A 600 nm ϭ 0.5-0.7 (approximate time ϭ 2 hr). Protein expresmmol) and carbonyl diimidazole (81 mg, 0.5 mmol) in DMF (5 mL) was stirred at room temperature for 20 hr, after which methanol (35 sion was then induced with IPTG (0.1 mM) for 5 hr, and the culture was then stored overnight at 4ЊC. Cells were lysed by either French l) was added. After 1 hr, a solution of tributyl ammonium phosphate (1 mmol) was added in DMF (1 ml). The reaction was stirred for an press (the cell pellet was resuspended in the following buffer before pressing: 25 mM Tris [pH 8.0], 1 mM EDTA, 0.1 mM PMSF, 1 mM additional 24 hr. After quenching the reaction mixture with 2 ml of TEAB buffer (pH 7.5), solvent was removed in vacuo at Ͻ40ЊC, and DTT). The GST fusion proteins were then purified on immobilized glutathione agarose beads, the beads were washed three times with the residue was purified as described above (HPLC retention time 9.7 min). 25 mM Tris (pH 8.0), 10 mM EDTA, and 100 mM NaCl, followed by two washes with 50 mM Tris (pH 8.0). The GST-fusion proteins were N 6 -(benzyl) ADP (2.5 mol, molar absorbancy (⑀ max ) 15.4 ϫ 10 3 at 265 nm at pH 7.00) was dissolved in DMF (200 l), and carbonyl then eluted from the resin with free glutathione (freshly prepared: 5 mM reduced glutathione in 50 mM Tris [pH 8.0]) and concentrated diimidazole (8 mg, 10 mol) was added to it. The reaction mixture was stirred for 24 hr at room temperature, after which methanol (4 in Centricon-10 concentrators. The enzyme purity and concentration were determined via silver-stained SDS-PAGE and via the Bradford l) was added and the reaction was stirred for an additional 1 hr. 
Construction of Random Peptide Libraries

